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(57) ABSTRACT 

A monitoring device is arranged to receive a time-dependent 
measurement signal from a pressure sensor in a fluid contain 
ing system, which is associated with a first pulse generator 
and a second pulse generator. The pressure sensor is arranged 
in the fluid containing system to detect a first pulse originating 
from the first pulse generator and a second pulse originating 
from the second pulse generator. The monitoring device is 
configured to process the measurement signal to remove the 
first pulse. In this process, the monitoring device receives the 
measurement signal, obtains a first pulse profile which is a 
predicted temporal signal profile of the first pulse, and filters 
the measurement signal in the time-domain, using the first 
pulse profile, to essentially eliminate the first pulse while 
retaining the second pulse. The fluid containing system may 
include an extracorporeal blood flow circuit and a blood cir 
cuit of a human patient. 
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METHOD AND DEVICE FOR PROCESSINGA 
TIME-DEPENDENT MEASUREMENT 

SIGNAL 

TECHNICAL FIELD 

0001. The present invention generally relates to process 
ing of time-dependent measurement signals obtained from a 
fluid containing system, and in particular to filtering Such a 
measurement signal for removal of pressure pulses originat 
ing from a specific pulse generator. The present invention is 
e.g. applicable in fluid containing systems for extracorporeal 
blood treatment. 

BACKGROUND ART 

0002. In extracorporeal blood treatment, blood is taken out 
of a patient, treated and then reintroduced into the patient by 
means of an extracorporeal blood flow circuit. Generally, the 
blood is circulated through the circuit by one or more pump 
ing devices. The circuit is connected to a blood vessel access 
of the patient, typically via one or more access devices. Such 
as needles or catheters, which are inserted into the blood 
vessel access. Such extracorporeal blood treatments include 
hemodialysis, hemodiafiltration, hemofiltration, plasmapher 
esis, etc. 
0003 US2005/0010118 proposes a technique for monitor 
ing a patient's pulse rate, blood pressure and also the condi 
tion of the blood vessel access, by identifying a frequency 
component of the pressure wave caused by the patent's heart 
beat among other pressure waves in the extracorporeal blood 
flow circuit, by operating a frequency analysis, such as a 
Fourier transformation, on a pressure signal obtained from a 
pressure sensor in the extracorporeal blood flow circuit. As 
noted in US2005/0010118, it might be difficult to extract the 
relevant frequency component from a mixture of frequency 
components caused by mechanical devices in the extracorpo 
real blood flow circuit and by the heartbeat. In particular, the 
frequency component of the heartbeat may overlap with a 
frequency component of the mechanical devices. To over 
come this limitation, US2005/0010118 proposes e.g. chang 
ing the frequency of the blood pump within a certain range of 
a basic operating frequency during the treatment procedure. 
The pressure signal from the pressure sensor in the extracor 
poreal blood flow circuit is analysed by FFT (Fast Fourier 
Transform), which is not suited for detection of frequency 
components whose frequencies are constantly changing. The 
FFT analysis is alleged to reduce the frequency components 
caused by the blood pump. However, periodic events caused 
by other mechanical devices in the extracorporeal blood flow 
circuit, such as valves, may still interfere with the monitoring. 
Further, it may be undesirable to operate the blood pump with 
a constantly changing pumping frequency during the treat 
ment procedure. For example, if the extracorporeal blood 
flow circuit is part of a dialysis machine, the dialysis dose will 
decline with changed pumping frequency even at unchanged 
average flow through the extracorporeal blood flow circuit. 
0004 Thus, there is a need for an alternative technique for 
identifying the patent's heartbeat among other pressure waves 
in a fluid, and in particular a technique with an improved 
ability to handle the situation when the frequency of the 
patient's heartbeat is relatively weak and/or at least partially 
coincides with a frequency component of these other pressure 
waves and/or is changing over time. 
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0005 Corresponding needs may arise in other fields of 
technology. Thus, generally speaking, there is a need for an 
improved technique for processing a time-dependent mea 
Surement signal obtained from a pressure sensor in a fluid 
containing system associated with a first pulse generator and 
a second pulse generator, in order to monitor a functional 
parameter of the fluid containing system by isolating a signal 
component originating from the second pulse generator 
among signal components originating from the first and sec 
ond pulse generator. 

SUMMARY 

0006. It is an object of the invention to at least partly fulfil 
one or more of the above-identified needs in view of the prior 
art 

0007. This and other objects, which will appear from the 
description below, are at least partly achieved by means of a 
method, a control device, and a computer program product 
according to the independent claims, embodiments thereof 
being defined by the dependent claims. 
0008 A first aspect of the invention is a method for pro 
cessing a time-dependent measurement signal obtained from 
a pressure sensor in a fluid containing system associated with 
a first pulse generator and a second pulse generator, wherein 
the pressure sensor is arranged in the fluid containing system 
to detect a first pulse originating from the first pulse generator 
and a second pulse originating from the second pulse genera 
tor, said method comprising: receiving the measurement sig 
nal; obtaining a first pulse profile which is a predicted tem 
poral signal profile of the first pulse; and filtering the 
measurement signal in the time-domain, using the first pulse 
profile, to essentially eliminate the first pulse while retaining 
the second pulse. 
0009. In one embodiment, the step of filtering comprises 
Subtracting the first pulse profile from the measurement sig 
nal, wherein the step of subtracting may comprise adjusting a 
phase of the first pulse profile in relation to the measurement 
signal, wherein said phase may be indicated by phase infor 
mation obtained from a phase sensor coupled to the first pulse 
generator, or from a control unit for the first pulse generator. 
0010. In one embodiment, the first pulse profile is obtained 
in a reference measurement in said fluid containing system, 
wherein the reference measurement comprises the steps of 
operating the first pulse generator to generate at least one first 
pulse, and obtaining the first pulse profile from a reference 
signal generated by a reference pressure sensor in the fluid 
containing system. The first pulse generator may be operated 
to generate a sequence of first pulses during the reference 
measurement, and the first pulse profile may be obtained by 
identifying and averaging a set of first pulse segments in the 
reference signal. Alternatively or additionally, the reference 
measurement may be effected intermittently during operation 
of the fluid containing system to provide an updated first pulse 
profile. Alternatively or additionally, the pressure sensor may 
be used as said reference pressure sensor. Alternatively or 
additionally, the fluid containing system may be operated, 
during the reference measurement, Such that the reference 
signal contains a first pulse and no second pulse. Alterna 
tively, the reference measurement comprises: obtaining a 
combined pulse profile based on a first reference signal con 
taining a first pulse and a second pulse; obtaining a second 
pulse profile based on a second reference signal containing a 
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second pulse and no first pulse, and obtaining the predicted 
signal profile by Subtracting the second pulse profile from the 
combined pulse profile. 
0011. In one embodiment, the step of obtaining comprises 
obtaining a predetermined signal profile, wherein the step of 
obtaining may further comprise modifying the predetermined 
signal profile according to a mathematical model based on a 
current value of one or more system parameters of the fluid 
containing System. 
0012. In one embodiment, the method further comprises 
the step of obtaining a current value of one or more system 
parameters of the fluid containing system, wherein the first 
pulse profile is obtained as a function of the current value. 
0013. In one embodiment, the step of obtaining the first 
pulse profile comprises: identifying, based on the current 
value, one or more reference profiles in a reference database; 
and obtaining the first pulse profile based on said one or more 
reference profiles. The system parameter(s) may be indicative 
of the rate of first pulses in the fluid containing system. The 
first pulse generator may comprise a pumping device and the 
system parameter may be indicative of a pump frequency of 
the pumping device. Each reference profile in the reference 
database may be obtained by a reference measurement in the 
fluid containing system for a respective value of said one or 
more system parameters. 
0014. In one embodiment, the step of obtaining the first 
pulse profile comprises: identifying, based on the current 
value, one or more combinations of energy and phase angle 
data in a reference database; and obtaining the first pulse 
profile based on said one or more combinations of energy and 
phase angle data. The first pulse profile may be obtained by 
combining a set of sinusoids of different frequencies, wherein 
the amplitude and phase angle of each sinousoid may be given 
by said one or more combinations of energy and phase angle 
data. 

0015. In one embodiment, the step of obtaining the first 
pulse profile comprises: inputting the current value into an 
algorithm which calculates the response of the pressure sen 
Sor based on a mathematical model of the fluid containing 
system. 
0016. In one embodiment, the step of filtering comprises 
Subtracting the first pulse profile from the measurement sig 
nal, and the step of Subtracting is preceded by an adjustment 
step, in which at least one of the amplitude, the time scale and 
the phase of the first pulse profile is adjusted with respect to 
the measurement signal. The adjustment step may comprise 
minimizing a difference between the first pulse profile and the 
measurement signal. 
0017. In one embodiment, the step of filtering comprises: 
Supplying the first pulse profile as input to an adaptive filter; 
calculating an error signal between the measurement signal 
and an output signal of the adaptive filter, and providing the 
error signal as input to the adaptive filter, whereby the adap 
tive filter is arranged to essentially eliminate the first pulse in 
the error signal. The adaptive filter may comprise a finite 
impulse response filter with filter coefficients that operate on 
the first pulse profile to generate the output signal, and an 
adaptive algorithm which optimizes the filter coefficients as a 
function of the error signal and the first pulse profile. Alter 
natively or additionally, the method may further comprise the 
step of controlling the adaptive filter to lock the filter coeffi 
cients, based on a comparison of the rate and/or amplitude of 
the second pulses to a limit value. 
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0018. In one embodiment, the fluid containing system 
comprises an extracorporeal blood flow circuit for connection 
to a blood system in a human body, and wherein the first pulse 
generator comprises a pumping device in the extracorporeal 
blood flow circuit, and wherein the second pulse generator 
comprises a physiological pulse generator in the human body. 
The second pulse generator may be at least one of a heart, a 
breathing system, and a vasomotor affected by an autonomic 
nervous system. In one implementation, the extracorporeal 
blood flow circuit comprises an arterial access device, a blood 
processing device, and a venous access device, wherein the 
human blood system comprises a blood vessel access, 
wherein the arterial access device is configured to be con 
nected to the human blood system, wherein the venous access 
device is configured to be connected to the blood vessel 
access to form a fluid connection, and wherein the first pulse 
generator comprises a pumping device arranged in the extra 
corporeal blood flow circuit to pump blood from the arterial 
access device through the blood processing device to the 
venous access device, said method comprising the step of 
receiving the measurement signal either from a venous pres 
Sure sensor located downstream of the pumping device, or 
from an arterial pressure sensor located upstream of the 
pumping device. 
0019. A second aspect of the invention is a computer pro 
gram product comprising instructions for causing a computer 
to perform the method according to the first aspect. 
0020. A third aspect of the invention is a device for pro 
cessing a time-dependent measurement signal obtained from 
a pressure sensor in a fluid containing system associated with 
a first pulse generator and a second pulse generator, wherein 
the pressure sensor is arranged in the fluid containing system 
to detect a first pulse originating from the first pulse generator 
and a second pulse originating from the second pulse genera 
tor, said device comprising: an input for the measurement 
signal; a signal processor connected to said input and com 
prising a processing module configured to obtain a first pulse 
profile which is a predicted temporal signal profile of the first 
pulse, and to filter the measurement signal in the time-do 
main, using the first pulse profile, to essentially eliminate the 
first pulse while retaining the second pulse. 
0021. A fourth aspect of the invention is a device for 
processing a time-dependent measurement signal obtained 
from a pressure sensorina fluid containing system associated 
with a first pulse generator and a second pulse generator, 
wherein the pressure sensor is arranged in the fluid containing 
system to detect a first pulse originating from the first pulse 
generator and a second pulse originating from the second 
pulse generator, said device comprising: means for receiving 
the measurement signal; means for obtaining a first pulse 
profile which is a predicted temporal signal profile of the first 
pulse; and means for filtering the measurement signal in the 
time-domain, using the first pulse profile, to essentially elimi 
nate the first pulse while retaining the second pulse. 
0022. A fifth aspect is a method for processing a time 
dependent measurement signal obtained from a pressure sen 
sor in a fluid containing system associated with a first pulse 
generator and a second pulse generator, wherein the pressure 
sensor is arranged in the fluid containing system to detect a 
first pulse originating from the first pulse generator and a 
second pulse originating from the second pulse generator, 
said method comprising: receiving the measurement signal; 
obtaining a standard signal profile of the first pulse; and 
Subtracting the standard signal profile from the measurement 
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signal in the time-domain, wherein the standard signal profile 
has such an amplitude and phase that the first pulse is essen 
tially eliminated and the second pulse is retained. 
0023. A sixth aspect is a device for processing a time 
dependent measurement signal obtained from a pressure sen 
sor in a fluid containing system associated with a first pulse 
generator and a second pulse generator, wherein the pressure 
sensor is arranged in the fluid containing system to detect a 
first pulse originating from the first pulse generator and a 
second pulse originating from the second pulse generator, 
said device comprising: an input for the measurement signal; 
a signal processor connected to said input and comprising a 
processing module configured to obtain a standard signal 
profile of the first pulse, and to Subtract the standard signal 
profile from the measurement signal in the time-domain, 
wherein the standard signal profile has such an amplitude and 
phase that the first pulse is essentially eliminated and the 
second pulse is retained. 
0024. Embodiments of the third to sixth aspects may cor 
respond to the above-identified embodiments of the first 
aspect. 
0025 Still other objectives, features, aspects and advan 
tages of the present invention will appear from the following 
detailed description, from the attached claims as well as from 
the drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0026 Exemplifying embodiments of the invention will 
now be described in more detail with reference to the accom 
panying schematic drawings. 
0027 FIG. 1 is a schematic view of a general fluid con 
taining system in which the inventive data processing may be 
used for filtering a pressure signal. 
0028 FIG. 2 is a flow chart of a monitoring process 
according to an embodiment of the invention. 
0029 FIG.3(a) is a plot of a pressure signal as a function 
of time, and FIG. 3(b) is a plot of the pressure signal after 
filtering. 
0030 FIG. 4 is a schematic view of a system for hemodi 
alysis treatment including an extracorporeal blood flow cir 
cuit. 

0031 FIG. 5(a) is a plot in the time domain of a venous 
pressure signal containing both pump frequency components 
and a heart signal, and FIG. 5(b) is a plot of the corresponding 
signal in the frequency domain. 
0032 FIG. 6 is a plot of a predicted signal profile origi 
nating from a peristaltic pump in the system of FIG. 4. 
0033 FIG. 7 is a flow chart of a process for obtaining the 
predicted signal profile. 
0034 FIG. 8 is a plot to illustrate an extrapolation process 
for generating the predicted signal profile. 
0035 FIG. 9(a) is a plot to illustrate an interpolation pro 
cess for generating the predicted signal profile, and FIG. 9(b) 
is an enlarged view of FIG. 9(a). 
0036 FIG. 10(a) represents a frequency spectrum of a 
pressure pulse originating from a pumping device at one flow 
rate, FIG. 10(b) represents corresponding frequency spectra 
for three different flow rates, wherein each frequency spec 
trum is given in logarithmic scale and mapped to harmonic 
numbers, FIG.10(c) is a plot of the data in FIG.10(b) in linear 
scale, and FIG. 10(d) is a phase angle spectrum correspond 
ing to the frequency spectrum in FIG. 10(a). 
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0037 FIG. 11 is schematic view of an adaptive filter struc 
ture operable to filter a measurement signal based on a pre 
dicted signal profile. 
0038 FIG. 12(a) illustrates a filtered pressure signal (top) 
and a corresponding heart signal (bottom), obtained from a 
venous pressure sensor, and FIG. 12(b) illustrates a filtered 
pressure signal (top) and a corresponding heart signal (bot 
tom), obtained from an arterial pressure sensor. 

DETAILED DESCRIPTION OF EXEMPLIFYING 
EMBODIMENTS 

0039. In the following, exemplifying embodiments of the 
invention will be described with reference to fluid containing 
systems in general. Thereafter, the embodiments and imple 
mentations of the invention will be further exemplified in the 
context of systems for extracorporeal blood treatment. 
0040. Throughout the following description, like elements 
are designated by the same reference signs. 

General 

0041 FIG. 1 illustrates a fluid containing system in which 
a fluid connection C is established between a first fluid con 
taining Sub-system S1 and a second fluid containing Sub 
system S2. The fluid connection C may or may not transfer 
fluid from one sub-system to the other. A first pulse generator 
3 is arranged to generate a series of pressure waves in the fluid 
within the first sub-system S1, and a second pulse generator 3' 
is arranged to generate a series of pressure waves in the fluid 
within the second Sub-system S2. A pressure sensor 4a is 
arranged to measure the fluid pressure in the first Sub-system 
S1. Pressure waves generated by the second pulse generator 3" 
will travel from the second sub-system S2 to the first sub 
system S1, via the connection C, and thus second pulses 
originating from the second pulse generator 3' will be 
detected by the pressure sensor 4a in addition to first pulses 
originating from the first pulse generator 3. It is to be noted 
that either one of the first and second pulse generators 3,3' 
may include more than one pulse-generating device. Further, 
any such pulse-generating device may or may not be part of 
the respective sub-system S1, S2. 
0042. The system of FIG. 1 further includes a surveillance 
device 25 which is connected to the pressure sensor 4a, and 
possibly to one or more additional pressure sensors 4b, 4c, as 
indicated in FIG. 1. Thereby, the surveillance device 25 
acquires one or more pressure signals that are time-dependent 
to provide a real time representation of the fluid pressure in 
the first sub-system S1. 
0043 Generally, the surveillance device 25 is configured 
to monitor a functional state or functional parameter of the 
fluid containing system, by isolating and analysing one or 
more second pulses in one of the pressure signals. As will be 
further exemplified in the following, the functional state or 
parameter may be monitored to identify a fault condition, e.g. 
in the first or second sub-systems S1, S2, the second pulse 
generator 3' or the fluid connection C. Upon identification of 
a fault condition, the surveillance device 25 may issue an 
alarm or warning signal and/or alert a control system of the 
first or second Sub-systems S1, S2 to take appropriate action. 
Alternatively or additionally, the surveillance device 25 may 
be configured to record or output a time sequence of values of 
the functional state or parameter. 
0044) Depending on implementation, the surveillance 
device 25 may use digital components or analog components, 
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or a combination thereof, for receiving and processing the 
pressure signal. The device 25 may thus be a computer, or a 
similar data processing device, with adequate hardware for 
acquiring and processing the pressure signal in accordance 
with different embodiments of the invention. Embodiments 
of the invention may e.g. be implemented by Software instruc 
tions that are supplied on a computer-readable medium for 
execution by a processor 25a in conjunction with a memory 
unit 25b in the computer. 
0045 Typically, the surveillance device 25 is configured to 
continuously process the time-dependent pressure signal(s) 
to isolate any second pulses. This processing is schematically 
depicted in the flow chart of FIG.2. The illustrated processing 
involves a step 201 of obtaining a first pulse profile u(n) which 
is a predicted temporal signal profile of the first pulse(s), and 
a step 202 of filtering the pressure signal d(n), or a pre 
processed version thereof, in the time-domain, using the first 
pulse profile u(n), to essentially eliminate or cancel the first 
pulse(s) while retaining the second pulse(s) contained in d(n). 
In the context of the present disclosure, n indicates a sample 
number and is thus equivalent to a (relative) time point in a 
time-dependent signal. In step 203, the resulting filtered sig 
nal e(n) is then analysed for the purpose of monitoring the 
aforesaid functional state or parameter. 
0046. The first pulse profile is a shape template or standard 
signal profile, typically given as a time-sequence of data 
values, which reflects the shape of the first pulse in the time 
domain. The first pulse profile is also denoted “predicted 
signal profile' in the following description. 
0047. By “essentially eliminating is meant that the first 
pulse(s) is(are) removed from the pressure signal to Such an 
extent that the second pulse(s) can be detected and analysed 
for the purpose of monitoring the aforesaid functional state or 
parameter. 
0048. By filtering the pressure signal in the time-domain, 
using the first pulse profile, it is possible to essentially elimi 
nate the first pulses and still retain the second pulses, even if 
the first and second pulses overlap or nearly overlap in the 
frequency domain. Such a frequency overlap is not unlikely, 
e.g. if one or both of the first and second pulses is made up of 
a combination of frequencies or frequency ranges. 
0049 Furthermore, the frequency, amplitude and phase 
content of the first pulse or the second pulse may vary over 
time. Such variations may be the result of an active control of 
the first and/or second pulse generator 3,3', or be caused by 
drifts in the first and/or second pulse generator 3, 3’ or by 
changes in the hydrodynamic properties of the Sub-systems 
S1, S2 or the fluid connection C. Frequency variations may 
occur, e.g., when the second pulse generator 3' is a human 
heart, and the second sub-system S2 thus is the blood system 
of a human. In healthy Subjects under calm conditions, varia 
tions in heart rhythm (heart rate variability, HRV) may be as 
large as 15%. Unhealthy subjects may suffer from severe 
heart conditions such as atrial fibrillation and Supraventricu 
lar ectopic beating, which may lead to an HRV in excess of 
20%, and ventricular ectopic beating, for which HRV may be 
in excess of 60%. These heart conditions are not uncommon 
among, e.g., dialysis patients. 
0050. Any frequency overlap may make it impossible or at 
least difficult to isolate the second pulses in the pressure 
signal by conventional filtering in the frequency domain, e.g. 
by operating a comb filter and/or a combination of band-stop 
or notch filters, typically cascade coupled, on the pressure 
signal to block out all frequency components originating 
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from the first pulse generator 3. Furthermore, frequency 
variations make it even harder to Successfully isolate second 
pulses in the pressure signal, since the frequency overlap may 
vary over time. Even in the absence of any frequency overlap, 
frequency variations make it difficult to define filters in the 
frequency domain. 
0051 Depending on how well the first pulse profile repre 
sents the first pulse(s) in the pressure signal, it may be pos 
sible to isolate the second pulses by means of the inventive 
filtering in the time-domain even if the first and second pulses 
overlap in frequency, and even if the second pulses are much 
Smaller in amplitude than the first pulses. 
0052 Still further, the inventive filtering in the time 
domain may allow for a faster isolation of second pulses in the 
pressure signal than a filtering process in the frequency 
domain. The former may have the ability to isolate a single 
second pulse in the pressure signal whereas the latter may 
need to operate on a sequence of first and second pulses in the 
pressure signal. Thus, the inventive filtering may enable faster 
determination of the functional state or functional parameter 
of the fluid containing system. 
0053. The effectiveness of the inventive filtering is exem 
plified in FIG. 3, in which FIG.3(a) shows an example of a 
time-dependent pressure signal d(n) containing first and sec 
ond pulses with a relative magnitude of 10:1. The first and 
second pulses have a frequency of 1 Hz and 1.33 Hz, respec 
tively. Due to the difference in magnitude, the pressure signal 
is dominated by the first pulses. FIG. 3(b) shows the time 
dependent filtered signal e(n) that is obtained after applying 
the inventive filtering technique to the pressure signal d(n). 
The filtered signal e(n) is made up of second pulses and noise. 
It should be noted that there is an absence of second pulses 
after about 4 seconds, which may be observed by the surveil 
lance device (25 in FIG. 1) and identified as a fault condition 
of the fluid containing system. 
0054 Reverting to FIG. 2, the inventive data processing 
comprises two main steps: a determination of the first pulse 
profile u(n) (step 201) and a removal of one or more first 
pulses from a measurement signal d(n) using the first pulse 
profile u(n) (step 202). 
0055. There are many ways to implement these main 
steps. For example, the first pulse profile (standard signal 
profile) may be obtained in a reference measurement, based 
on a measurement signal from one or more of the pressure 
sensors 4a-4c in the first sub-system S1, suitably by identi 
fying and possibly averaging a set of first pulse segments in 
the measurement signal(s). The first pulse profile may or may 
not be updated intermittently during the actual monitoring of 
the aforesaid functional state or parameter. Alternatively, a 
predetermined (i.e. predefined) standard signal profile may be 
used, which optionally may be modified according to a math 
ematical model accounting for wear in the first pulse genera 
tor, fluid flow rates, tubing dimensions, speed of sound in the 
fluid, etc. Further, the removal may involve subtracting the 
first pulse profile from the measurement signal at Suitable 
amplitude and phase. The phase may be indicated by phase 
information which may be obtained from a signal generated 
by a phase sensor coupled to the first pulse generator 3, or 
from a control signal for the first pulse generator 3. 
0056. The inventive filtering may also be combined with 
other filtering techniques to further improve the quality of the 
filtered signal e(n). In one embodiment, the filtered signal 
e(n) could be passed through a bandpass filter with a passband 
in the relevant frequency range for the second pulses. If the 
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second pulses originate from a human heart, the passband 
may be located within the approximate range of 0.5-4 Hz, 
corresponding to heart pulse rates of 30-240 beats per minute. 
In another embodiment, if the current frequency range (or 
ranges) of the second pulses is known, the passband of the 
bandpass filter could be actively controlled to a narrow range 
around the current frequency range. For example, Such an 
active control may be applied whenever the rates of first and 
second pulses are found to differ by more than a certain limit, 
e.g. about 10%. The current frequency range may be obtained 
from the pressure signal, either by intermittently shutting off 
the first pulse generator 3, or intermittently preventing the 
first pulses from reaching the relevant pressure sensor 4a-4c. 
Alternatively, the current frequency range may be obtained 
from a dedicated sensor in either the first or the second sub 
systems S1, S2, or based on a control unit (not shown) for the 
second pulse generator 3'. According to yet another alterna 
tive, the location and/or width of the passband could be set, at 
least in part, based on patient-specific information, i.e. exist 
ing data records for the patient, e.g. obtained in earlier treat 
ments of the same patient. The patient-specific information 
may be stored in an internal memory of the Surveillance 
device (25 in FIG. 1), on an external memory which is made 
accessible to the Surveillance device, or on a patient card 
where the information is e.g. transmitted wirelessly to the 
surveillance device, e.g. by RFID (Radio Frequency IDenti 
fication). 
0057 These and other embodiments will be explained in 
further detail below, within the context of a system for extra 
corporeal blood treatment. To facilitate the following discus 
Sion, details of an exemplifying extracorporeal blood flow 
circuit will be first described. 

Monitoring in an Extracorporeal Blood Flow Circuit 

0058 FIG. 4 shows an example of an extracorporeal blood 
flow circuit 20 of the type which is used for dialysis. The 
extracorporeal blood flow circuit 20 (also denoted “extracor 
poreal circuit') comprises components 1-14 to be described 
in the following. Thus, the extracorporeal circuit 20 com 
prises an access device for blood extraction in the form of an 
arterial needle 1, and an arterial tube segment 2 which con 
nects the arterial needle 1 to a blood pump 3 which may be of 
peristaltic type, as indicated in FIG. 4. At the inlet of the pump 
there is a pressure sensor 4b (hereafter referred to as “arterial 
sensor”) which measures the pressure before the pump in the 
arterial tube segment 2. The blood pump 3 forces the blood, 
via a tube segment 5, to the blood-side of a dialyser 6. Many 
dialysis machines are additionally provided with a pressure 
sensor 4c (hereafter referred to as “system sensor) that mea 
sures the pressure between the blood pump 3 and the dialyser 
6. The blood is lead via a tube segment 10 from the blood-side 
of the dialyser 6 to a venous drip chamber or deaeration 
chamber 11 and from there back to the patient via a venous 
tube segment 12 and an access device for blood reintroduc 
tion in the form of a venous needle 14. A pressure sensor 4a 
(hereafter referred to as “venous sensor) is provided to mea 
sure the pressure on the venous side of the dialyser 6. In the 
illustrated example, the pressure sensor 4a measures the pres 
sure in the venous drip chamber. Both the arterial needle 1 and 
the venous needle 14 are connected to the patient by means of 
a blood vessel access. The blood vessel access may be of any 
Suitable type, e.g. a fistula, a Scribner-shunt, a graft, etc. 
Depending on the type of blood vessel access, other types of 
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access devices may be used instead of needles, e.g. catheters. 
The access devices 1, 14 may alternatively be combined into 
a single unit. 
0059. In relation to the fluid containing system in FIG. 1, 
the extracorporeal circuit 20 corresponds to the first sub 
system S1, the blood pump 3 (as well as any further pulse 
Source(s) within or associated with the extracorporeal circuit 
20. Such as a dialysis solution pump, valves, etc) corresponds 
to the first pulse generator 3, the blood system of the patient 
corresponds to the second Sub-system S2, and the fluid con 
nection C corresponds to at least one of the venous-side and 
arterial-side fluid connections between the patient and the 
extracorporeal circuit 20. 
0060. In FIG. 4, a control unit 23 is provided, i.a., to 
control the blood flow in the extracorporeal circuit 20 by 
controlling the revolution speed of the blood pump 3. The 
extracorporeal circuit 20 and the control unit 23 may form 
part of an apparatus for extracorporeal blood treatment, Such 
as a dialysis machine. Although not shown or discussed fur 
ther it is to be understood that such an apparatus performs 
many other functions, e.g. controlling the flow of dialysis 
fluid, controlling the temperature and composition of the 
dialysis fluid, etc. 
0061 The system in FIG. 4 also includes a surveillance/ 
monitoring device 25, which is connected to receive a pres 
Sure signal from at least one of the pressure sensors 4a-4c and 
which executes the inventive data processing. In the example 
of FIG. 4, the surveillance device 25 is also connected to the 
control unit 23. Alternatively or additionally, the device 25 
may be connected to a pump sensor 26 for indicating the 
revolution speed and/or phase of the blood pump 3. It is to be 
understood that the surveillance device 25 may include inputs 
for further data, e.g. any other system parameters that repre 
sent the overall system state (see e.g. discussion with refer 
ence to FIG. 7 below). The device 25 is tethered or wirelessly 
connected to a local or remote device 27 for generating an 
audible/visual/tactile alarm or warning signal. Alternatively 
or additionally, either device 25, 27 may include a display or 
monitor for displaying the functional state or parameter 
resulting from the analysis step (203 in FIG. 2), and/or the 
filtered signal e(n) resulting from the filtering step (202 in 
FIG. 2), e.g. for visual inspection. 
0062. In FIG. 4, the surveillance device 25 comprises a 
data acquisition part 28 for pre-processing the incoming sig 
nal(s), e.g. including an A/D converter with a required mini 
mum sampling rate and resolution, one or more signal ampli 
fiers, and one or more filters to remove undesired components 
of the incoming signal(s), Such as offset, high frequency noise 
and Supply Voltage disturbances. 
0063. After the pre-processing in the data acquisition part 
28, the pre-processed pressure signal is provided as input to a 
main data processing part 29, which executes the inventive 
data processing. FIG. 5(a) shows an example of Such a pre 
processed pressure signal in the time domain, and FIG. 5(b) 
shows the corresponding power spectrum, i.e. the pre-pro 
cessed pressure signal in the frequency domain. The power 
spectrum reveals that the detected pressure signal contains a 
number of different frequency components emanating from 
the blood pump 3. In the illustrated example, there is a fre 
quency component at the base frequency (f) of the blood 
pump (at 1.5 Hz in this example), as well as its harmonics 2f 
3f and 4f. The base frequency, also denoted pump frequency 
in the following, is the frequency of the pump strokes that 
generate pressure waves in the extracorporeal circuit 20. For 
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example, in a peristaltic pump of the type shown in FIG. 4. 
two pump strokes are generated for each full revolution of the 
rotor 3a. FIG. 5(b) also indicates the presence of a frequency 
component at half the pump frequency (0.5f) and harmonics 
thereof, in this example at least for 1.5f 2f and 2.5f. FIG. 
5(b) also shows a heart signal (at 1.1 Hz) which in this 
example is approximately 40 times weaker than the blood 
pump signal at the base frequency f. 
0064. The main data processing part 29 executes the afore 
said steps 201-203. In step 202, the main data processing part 
29 operates to filter the pre-processed pressure signal in the 
time domain, and outputs a filtered signal or monitoring sig 
nal (e(n) in FIG. 2) in which the signal components of the 
blood pump 3 have been removed. The monitoring signal still 
contains any signal components that originate from the 
patient (cf. FIG.3(b)), such as pressure pulses caused by the 
beating of the patient's heart. There are a number of sources to 
cyclic physiological phenomena that may generate pressure 
pulses in the blood stream of the patient, including the heart, 
the breathing system, or the vasomotor, which is controlled by 
the autonomic nervous system. Thus, the monitoring signal 
may contain pressure pulses resulting from a combination of 
cyclic phenomena in the patient. Generally speaking, the 
signal components in the monitoring signal may originate 
from any type of physiological phenomenon in the patient, or 
combinations thereof, be it cyclic or non-cyclic, repetitive or 
non-repetitive, autonomous or non-autonomous. 
0065 Depending on implementation, the surveillance 
device 25 may be configured apply further filtering to the 
monitoring signal to isolate signal components originating 
from a single cyclic phenomenon in the patient. Alternatively, 
Such signal component filtering is done during the pre-pro 
cessing of the pressure signal (by the data acquisition part 28). 
The signal component filtering may be done in the frequency 
domain, e.g. by applying a cut-off or bandpass filter, since the 
signal components of the different cyclic phenomena in the 
patient are typically separated in the frequency domain. Gen 
erally, the heart frequency is about 0.5-4 Hz, the breathing 
frequency is about 0.15-0.4 Hz, the frequency of the autono 
mous system for regulation of blood pressure is about 0.04 
0.14 Hz, the frequency of the autonomous system for regula 
tion of body temperature is about 0.04 Hz. 
0066. The surveillance device 25 could be configured to 
monitor the breathing pattern of the patient, by identifying 
breathing pulses in the monitoring signal. The resulting infor 
mation could be used for on-line Surveillance for apnoea, 
hyperventilation, hypoVentilation, asthmatic attacks or other 
irregular breathing behaviours of the patient. The resulting 
information could also be used to identify coughing, Sneez 
ing, vomiting or seizures. The vibrations resulting from 
coughing/sneezing/vomiting/seizures might disturb other 
measurement or Surveillance equipment that is connected to 
the patient or the extracorporeal circuit 20. The surveillance 
device 25 may be arranged to output information about the 
timing of any coughing/sneezing/vomiting/seizures. Such 
that other measurement or Surveillance equipment can take 
adequate measures to reduce the likelihood that the coughing/ 
Sneezing/vomiting/seizures results in erroneous measure 
ments or false alarms. Of course, the ability of identifying 
coughing/sneezing/vomiting/seizures may also have a medi 
cal interest of its own. 

0067. The surveillance device 25 could be configured to 
monitor the heart rate of the patient, by identifying heart 
pulses in the monitoring signal. 
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0068. The surveillance device 25 could be configured to 
collect and store data on the time evolution of the heart rate, 
the breathing pattern, etc, e.g. for Subsequent trending or 
statistical analysis. 
0069. The surveillance device 25 may be configured to 
monitor the integrity of the fluid connection between the 
patient and the extracorporeal circuit 20, in particular the 
venous-side fluid connection (via access device 14). This 
could be done by monitoring the presence of a signal com 
ponent originating from, e.g., the patient's heart or breathing 
system in the monitoring signal. Absence of Such a signal 
component may be taken as an indication of a failure in the 
integrity of the fluid connection C, and could bring the device 
25 to activate an alarm and/or stop the blood flow, e.g. by 
stopping the blood pump 3 and activating a clamping device 
13 on the tube segment 12. For monitoring the integrity of the 
venous-side fluid connection, also known as VNM (Venous 
Needle Monitoring), the surveillance device 25 may be con 
figured to generate the monitoring signal based on a pressure 
signal from the venous sensor 4a. The device 25 may also be 
connected to pressure sensors 4b, 4c, as well as any additional 
pressure sensors included in the extracorporeal circuit 20. 
0070 The extracorporeal circuit 20 may have the option to 
operate in a hemodiafiltration mode (HDF mode), in which 
the control unit 23 activates a second pumping device (HDF 
pump, not shown) to Supply an infusion Solution into the 
blood line upstream and/or downstream of the dialyser 6, e.g. 
into one or more of tube segments 2, 5, 10 or 12. 

Obtaining the Predicted Signal Profile of First Pulses 
(0071. This section describes different embodiments for 
predicting or estimating the signal profile of first pulses in the 
system shown in FIG. 4. The predicted signal profile is typi 
cally given as a series of pressure values over a period of time 
normally corresponding to at least one complete pump cycle 
of the blood pump 3. 
0072 FIG. 6 illustrates an example of a predicted signal 
profile for the system in FIG. 4. Since the blood pump 3 is a 
peristaltic pump, in which two rollers 3b engage a tube seg 
ment during a full revolution of the rotor 3a, the pressure 
profile consists of two pump strokes. The pump strokes may 
result in different pressure values (pressure profiles), e.g. due 
to slight differences in the engagement between the rollers 3b 
and the tube segment, and thus it may be desirable for the 
predicted signal profile to represent both pump strokes. If a 
lower accuracy of the predicted signal profile can be tolerated, 
i.e. if the output of the Subsequent removal process is accept 
able, the predicted signal profile might represent one pump 
stroke only. 
0073. On a general level, the predicted signal profile may 
be obtained in a reference measurement, through mathemati 
cal simulation of the fluid system, or combinations thereof. 

Reference Measurement 

0074. A first main group of methods for obtaining the 
predicted signal profile is based on deriving a time-dependent 
reference pressure signal (“reference signal) from a pressure 
sensor in the system, typically (but not necessarily) from the 
same pressure sensor that provides the measurement signal 
(pressure signal) that is to be processed for removal of first 
pulses. During this reference measurement, the second pulses 
are prevented from reaching the relevant pressure sensor, 
either by shutting down/deactivating the second pulse gen 
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erator 3' or by isolating the pressure sensor from the second 
pulses. In the system of FIG. 4, the reference measurement 
could be carried out during a priming phase, in which the 
extracorporeal circuit 20 is detached from the patient and a 
priming fluid is pumped through the blood lines. Alterna 
tively, the reference measurement could be carried in a simu 
lated treatment with blood or any other fluid. Optionally, the 
reference measurement could involve averaging a plurality of 
pressure profiles to reduce noise. For example, a plurality of 
relevant signal segments may be identified in the reference 
signal, whereupon these segments are aligned to achieve a 
proper overlap of the pressure profiles in the different seg 
ments and then added together. The identifying of relevant 
signal segments may be at least partially based on timing 
information which indicates the expected position of each 
first pulse in the reference signal. The timing information may 
be obtained from a trigger point in the output signal of the 
pump sensor 26, in a control signal of the control unit 23, or 
in the pressure signal from another one of the pressure sensors 
4a-4c. For example, a predicted time point of a first pulse in 
the reference signal can be calculated based on a known 
difference in arrival time between the trigger point and the 
pressure sensor that generates the reference signal. In variant, 
if the reference signal is periodic, relevant signal segments 
may be identified by identifying crossing points of the refer 
ence signal with a given signal level, wherein the relevant 
signal segments are identified to extend between any respec 
tive pairs of crossing points. 
0075. In a first embodiment, the predicted signal profile is 
directly obtained in a reference measurement before the 
extracorporeal circuit 20 is connected to the patient, and is 
then used as input to the Subsequent removal process, which 
is executed when the extracorporeal circuit 20 is connected to 
the patient. In this embodiment, it is thus assumed that the 
predicted signal profile is representative of the first pulses 
when the system is connected to the patient. Suitably, the 
same pump frequency/speed is used during the reference 
measurement and during the removal process. It is also desir 
able that other relevant system parameters are maintained 
essentially constant. 
0076 FIG. 7 is a flow chart of a second embodiment. In the 
second embodiment, a reference library or database is first 
created based on the reference measurement (step 701). The 
resulting reference library is typically stored in a memory 
unit, e.g. RAM, ROM, EPROM, HDD, Flash, etc (cf. 25b in 
FIG. 1) of the surveillance device (cf. 25 in FIG. 1). During 
the reference measurement, reference pressure signals are 
acquired for a number of different operational states of the 
extracorporeal circuit. Each operational state is represented 
by a unique combination of system parameter values. For 
each operational state, a reference profile is generated to 
represent the signal profile of the first pulses. The reference 
profiles together with associated system parameter values are 
then stored in the reference library, which is implemented as 
a searchable data structure, such as a list, look-up table, 
search tree, etc. 
0077. During the actual monitoring process, i.e. when first 
pulses are to be eliminated from the measurement signal, 
current state information indicating the current operational 
state of the fluid containing system is obtained from the 
system, e.g. from a sensor, a control unit or otherwise (step 
702). The current state information may include a current 
value of one or more system parameters. The current value is 
then matched against the system parameter values in the 
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reference library. Based on the matching, one or more refer 
ence profiles are selected (step 703) and used for preparing 
the predicted signal profile (step 704). 
0078 Generally, the aforesaid system parameters repre 
sent the overall system state, including but not limited to the 
structure, settings, status and variables of the fluid containing 
system or its components. In the system of FIG. 4, exemplary 
system parameters may include: 

0079 Pump-related parameters: number of active 
pumps connected directly or indirectly (e.g. in a fluid 
preparation system for the dialyser) to the extracorpo 
real circuit, type of pumps used (roller pump, membrane 
pump, etc), flow rate, revolution speed of pumps, shaft 
position of pump actuator (e.g. angular or linear posi 
tion), etc 

0080 Dialysis machine settings: temperature, ultrafil 
tration rate, mode changes, valve position/changes, etc 

0081 Disposable dialysis equipment/material: infor 
mation on pump chamber/pump segment (material, 
geometry and wear status), type of blood line (material 
and geometry), type of dialyser, type and geometry of 
access devices, etc 

0082 Dialysis system variables: actual absolute pres 
Sures of the system upstream and downstream of the 
blood pump, e.g. venous pressure (from sensor 4a), arte 
rial pressure (from sensor 4b) and system pressure (from 
sensor 4c), gas Volumes trapped in the flow path, blood 
line Suspension, fluid type (e.g. blood or dialysis fluid), 
etC 

0.083 Patient status: blood access properties, blood 
properties such as e.g. hematocrit, plasma protein con 
centration, etc 

I0084. It is to be understood that any number or combina 
tion of system parameters may be stored in the reference 
library and/or used as search variables in the reference library 
during the monitoring process. 
I0085. In the following, the second embodiment will be 
further explained in relation to a number of examples. In all of 
these examples, the pump revolution frequency (“pump fre 
quency'), or a related parameter (e.g. blood flow rate) is used 
to indicate the current operational state of the fluid containing 
system during the monitoring process. In other words, the 
pump frequency is used as search variable in the reference 
library. The pump frequency may e.g. be given by a set value 
for the blood flow rate output from the control unit, or by an 
output signal of a sensor that indicates the frequency of the 
pump (cf. pump sensor 26 in FIG. 4). Alternatively, the pump 
frequency could be obtained by frequency analysis of the 
pressure signal from any of the sensors 4a-4C during opera 
tion of the fluid system. Such frequency analysis could be 
achieved by applying any form of harmonics analysis to the 
pressure signal, such as Fourier or wavelet analysis. As indi 
cated in FIG. 5(b), the base frequency f of the pump can be 
identified in a resulting power spectrum. 
I0086. In a first example, the reference library is searched 
for retrieval of the reference profile that is associated with the 
pump frequency that lies closest to the current pump fre 
quency. If no exact match is found to the current pump fre 
quency, an extrapolation process is executed to generate the 
predicted signal profile. In the extrapolation process, the 
retrieved reference profile is scaled in time to the current 
pump cycle, based on the known difference (“pump fre 
quency difference') between the current pump frequency and 
the pump frequency associated with the retrieved reference 



US 2011/01 12595 A1 

profile. The amplitude scale may also be adjusted to compen 
sate for amplitude changes due to pump frequency, e.g. based 
on a known function of amplitude as a function of pump 
frequency. FIG. 8 illustrates a reference profile r(n) obtained 
at a flow rate of 470 ml/min, and predicted signal profile u(n) 
which is obtained by scaling the reference profile to a flow 
rate of 480 ml/min. For comparison only, a reference profile 
r(n) obtained at 480 ml/min is also shown, to illustrate 
that extrapolation process indeed may yield a properly pre 
dicted signal profile. 
0087. In a second example, the reference library is again 
searched based on current pump frequency. If no exact match 
is found to the current pump frequency, a combination pro 
cess is executed to generate the predicted signal profile. Here, 
the reference profiles associated with the two closest match 
ing pump frequencies are retrieved and combined. The com 
bination may be done by re-scaling the pump cycle time of the 
retrieved reference profiles to the current pump frequency and 
by calculating the predicted signal profile via interpolation of 
the re-scaled reference profiles. For example, the predicted 
signal profile u(n) at the current pump frequency v may be 
given by: 

10088 wherein r(n) and r(n) denotes the two retrieved 
reference profiles, obtained at a pump frequency V, and v. 
respectively, after re-scaling to the current pump frequency v. 
and g is a relaxation parameter which is given as a function of 
the frequency difference (v-V), wherein v.svsv, and 
Osgs. 1. The skilled person realizes that the predicted signal 
profile u(n) may be generated by combining more than two 
reference profiles. 
0089 FIG.9(a) illustrates a predicted signal profile u(n)at 
a current flow rate of 320 ml/min for a measurement signal 
obtained from the venous sensor 4a in the system of FIG. 4. 
The predicted signal profile u(n) has been calculated as an 
average of a reference profile r(n) obtained at a flow rate of 
300 ml/min from the venous sensor and a reference profile 
r(n) obtained at a flow rate of 340 ml/min from the venous 
sensor. For comparison only, a reference profile r(n) 
obtained at 320 ml/min is also shown, to illustrate that the 
combination process indeed may yield a properly predicted 
signal profile. In fact, the differences are so Small that they are 
only barely visible in the enlarged view of FIG. 9(b). 
0090 The first and second examples may be combined, 
e.g. by executing the extrapolation process of the first 
example if the pump frequency difference is less than a cer 
tain limit, and otherwise executing the combination process 
of the second example. 
0091. In a third embodiment, like in the second embodi 
ment shown in FIG. 7, a number of reference signals are 
acquired in the reference measurement, wherein each refer 
ence signal is obtained for a specific combination of system 
parameter values. The reference signals are then processed 
for generation of reference spectra, which are indicative of the 
energy and phase angle as function of frequency. These ref 
erence spectra may e.g. be obtained by Fourier analysis, or 
equivalent, of the reference signals. Corresponding energy 
and phase data are then stored in a reference library together 
with the associated system parameter values (cf. step 701 in 
FIG. 7). The implementation of the reference library may be 
the same as in the second embodiment. 
0092. During the actual monitoring process, i.e. when first 
pulses are to be eliminated from the measurement signal, a 
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current value of one or more system parameters is obtained 
from the fluid containing system (cf. step 702 in FIG. 7). The 
current value is then matched against the system parameter 
values in the reference library. Based on the matching, a 
specific set of energy and phase data may be retrieved from 
the reference library to be used for generating the predicted 
signal profile (cf. step 703 in FIG. 7). Generally, the predicted 
signal profile is generated by adding sinusoids of appropriate 
frequency, amplitude and phase, according to the retrieved 
energy and phase data (cf. step 704 in FIG. 7). 
0093 Generally speaking, without limiting the present 
disclosure, it may be advantageous to generate the predicted 
signal profile from energy and phase data when the first pulses 
(to be removed) contain only one or a few base frequencies 
(andharmonics thereof), since the predicted signal profile can 
be represented by a small data set (containing energy and 
phase data for the base frequencies and the harmonics). One 
the other hand, when the power spectrum of the first pulses is 
more complex, e.g. a mixture of many base frequencies, it 
may instead be preferable to generate the predicted signal 
profile from one or more reference profiles. 
0094 FIG. 10(a) represents an energy spectrum of a ref 
erence signal acquired at a flow rate of 300 ml/min in the 
system of FIG. 4. In this example, the reference signal essen 
tially consists of a basic pump frequency at 1.2 HZ (f, first 
harmonic) and a set of overtones of this frequency (second 
and further harmonics). Compared to the power spectrum of 
FIG. 5(b), the pressure signals used for generating the graphs 
in FIG. 10(a)-10(d) do not contain any significant frequency 
component at 0.5f and its harmonics. The graph in FIG. 
10(a) displays the relative energy distribution, wherein the 
energy values have been normalized to the total energy for 
frequencies in the range of 0-10 Hz. FIG. 10(b) represents 
energy spectra of reference signals acquired at three different 
flow rates in the system of FIG. 4. The energy spectra are 
given in logarithmic scale versus harmonic number (first, 
second, etc). As shown, an approximate linear relationship 
can be identified between the logarithmic energy and har 
monic number for the first four to five harmonic numbers. 
This indicates that each energy spectrum may be represented 
by a respective exponential function. FIG.10(c) illustrates the 
data of FIG.10(b) in linear scale, wherein a respective poly 
nomial function has been fitted to the data. As indicated in 
FIGS. 10(a)-10(c), the energy spectra may be represented in 
different formats in the reference library, e.g. as a set of 
energy values associated with discrete frequency values or 
harmonic numbers, or as an energy function representing 
energy versus frequency/harmonic number. 
0.095 FIG. 10(d) illustrates a phase angle spectrum 
acquired together with the energy spectrum in FIG.10(a), i.e. 
for a flow rate of 300 ml/min. The graph in FIG. 10(d) illus 
trates phase angle as a function of frequency, and a linear 
function has been fitted to the data. In an alternative repre 
sentation (not shown), the phase spectrum may be given as a 
function of harmonic number. Like the energy spectra, the 
phase spectra may be represented in different formats in the 
reference library, e.g. as a set of phase angle values associated 
with discrete frequency values or harmonic numbers, or as a 
phase function representing phase angle versus frequency/ 
harmonic number. 

0096. From the above, it should be understood that the 
energy and phase data that are stored the reference library can 
be used to generate the predicted signal profile. Each energy 
value in the energy data corresponds to an amplitude of a 
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sinusoid with a given frequency (the frequency associated 
with the energy value), wherein the phase value for the given 
frequency indicates the proper phase angle of the sinousoid. 
This method of preparing the predicted signal profile by com 
bining (typically adding) sinusoids of appropriate frequency, 
amplitude and phase angle allows the predicted signal profile 
to include all harmonics of the pump frequency within a 
desired frequency range. 
0097. When a predicted signal profile is to be generated, 
the reference library is first searched based on a current value 
of one or more system parameters, such as the current pump 
frequency. If no exact match is found in the reference library, 
a combination process may be executed to generate the pre 
dicted signal profile. For example, the two closest matching 
pump frequencies may be identified in the reference library 
and the associated energy and phase data may be retrieved and 
combined to form the predicted signal profile. The combina 
tion may be done by interpolating the energy data and the 
phase data. In the example of FIGS. 10(a)-10(d), an interpo 
lated energy value may be calculated for each harmonic num 
ber, and similarly an interpolated phase value could be cal 
culated for each harmonic number. Any type of interpolation 
function could be used, be it linear or non-linear. 
0098. In the first, second and third embodiments, the ref 
erence signals and the measurement signals are Suitably 
obtained from the same pressure sensor unit in the fluid con 
taining system. Alternatively, different pressure sensor units 
could be used, provided that the pressure sensor units yield 
identical signal responses with respect to the first pulses or 
that the signal responses can be matched using a known 
mathematical relationship. 
0099] To further improve the first, second and third 
embodiments, the process of generating the predicted signal 
profile may also involve compensating for other potentially 
relevant factors that differ between the reference measure 
ment and the current operational state. These so-called con 
founding factors may comprise one or more of the system 
parameters listed above, such as absolute average venous and 
arterial pressures, temperature, blood hematocrit/viscosity, 
gas Volumes, etc. This compensation may be done with the 
use of predefined compensation formulas or look-up tables. 
0100. In further variations, the second and third embodi 
ments may be combined, e.g. in that the reference library 
stores not only energy and phase data, but also reference 
profiles, in association with system parameter value(s). When 
an exact match is found in the library, the reference profile is 
retrieved from the library and used as the predicted signal 
profile, otherwise the predicted signal profile is obtained by 
retrieving and combining (e.g. interpolating) the energy and 
phase data, as in the third embodiment. In a variant, the 
predicted signal profile u(n) at the current pump frequency v 
is obtained by: 

0101 wherein r(n) denotes a reference profile that is asso 
ciated with the closest matching pump frequency v, in the 
reference library, r(n) denotes a reference profile that is 
reconstructed from the energy and phase data associated with 
the closest matching pump frequency v, in the reference 
library, and r(n) denotes an estimated reference profile at the 
current pump frequency v. The estimated reference profile 
r(n) may be obtained by applying predetermined functions to 
estimate the energy and phase data, respectively, at the current 
pump frequency v based on the energy and phase data asso 
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ciated with the closest matching pump frequency v. With 
reference to FIGS. 10(b)-10(c), such a predetermined func 
tion may thus represent the change in energy data between 
different flow rates. Alternatively, the estimated reference 
profile r(n) may be obtained by retrieving and combining 
(e.g. interpolating) energy and phase data for the two closest 
matching pump frequencies V, and v, as in the third embodi 
ment. 

0102. In a further variant, the reference measurement is 
made during regular operation of the fluid containing system, 
instead of or in addition to any reference measurements made 
before regular operation (e.g. during priming or simulated 
treatments with blood). Such a variant presumes that it is 
possible to intermittently shut off the second pulse generator, 
or to intermittently prevent the second pulses from reaching 
the relevant pressure sensor. This approach is more difficult in 
the extracorporeal circuit 20 of FIG. 4 if the reference signals 
and the measurement signals are obtained from the one and 
the same pressure sensor. However, this approach can e.g. be 
applied if the fluid system includes one pressure sensor that is 
Substantially isolated from the second pulses. In Such a situ 
ation, the reference profile (or reference spectra) may be 
obtained from the isolated sensor, and used for generating the 
predicted signal profile (optionally after adjustment/modifi 
cation for differences in confounding factors), which is then 
used for removing first pulses from a measurement signal that 
contains both first and second pulses. For example, the pres 
sure signal from the system sensor 4c in the circuit 20 of FIG. 
4 may be essentially isolated from the second pulses that 
originate from the patient, and this pressure signal may thus 
be used in a reference measurement. 

0103) As explained above, the extracorporeal circuit 20 in 
FIG. 4 may be switched into a HDF mode, in which an 
additional HDF pump is activated to Supply an infusion liquid 
into the blood line of the extracorporeal circuit 20. Such a 
change of operating mode may cause a change in the signal 
characteristics of the first pulses in the measurement signal. 
Thus, it may necessary to account for this change, by ensuring 
that the reference library includes appropriate reference data 
(reference profiles and/or energy and phase angle data) asso 
ciated with this operational state. 
0104. Alternatively, it may be desirable to isolate the pres 
sure pulses originating from the HDF pump. This could be 
achieved by obtaining a reference profile from the pressure 
signal of the arterial sensor 4b (FIG. 4). The arterial pressure 
signal includes pressure pulses originating from the patient 
and from the blood pump 3, whereas pressure pulses origi 
nating from the HDF pump are significantly damped by the 
patient and the blood pump 3, respectively, and thus barely 
reach the arterial sensor 4b. On the other hand, the pressure 
signals of the venous sensor 4a and the system sensor 4c 
contain pressure pulses originating from both the patient, the 
blood pump 3 and the HDF pump. Thus, the arterial pressure 
signal may be used for obtaining the predicted signal profile 
of the combined pressure pulses originating from the blood 
pump 3 and the patient as they should look in the pressure 
signal from the venous sensor 4a or the system sensor 4c. The 
predicted signal profile may then be used for isolating the 
pressure pulses originating from the HDF pump in the pres 
Sure signal from the venous sensor 4a or the system sensor 4c. 
In this example, the patient and the extracorporeal circuit 20 
could be regarded as a first sub-system (S1 in FIG. 1) and the 
HDF pump and the associated infusion tubing could be 
regarded as a second sub-system (S2 in FIG. 1), which are 
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connected via a fluid connection. Thus, in this example, the 
inventive data processing is not applied to isolate pulses origi 
nating from a cyclic physiological phenomenon in the patient, 
but pulses originating from another pump in the fluid system. 
It should be realized that in other arrangements, the reference 
profile may be obtained from the pressure signal of the venous 
sensor 4a (FIG. 4), and used for processing the pressure signal 
of the arterial sensor 4b or system sensor 4c. 

Simulations 

0105. As an alternative to the use of reference measure 
ments, the predicted signal profile may be obtained directly 
through simulations, i.e. calculations using a mathematical 
model of the fluid containing system, based on current state 
information indicating the current operational State of the 
system. Such current state information may include a current 
value of one or more of the above-mentioned system param 
eters. The model may be based on known physical relation 
ships of the system components (or via an equivalent repre 
sentation, e.g. by representing the system as an electrical 
circuit with fluid flow and pressure being given by electrical 
current and Voltage, respectively). The model may be 
expressed, implicitly or explicitly, in analytical terms. Alter 
natively, a numerical model may be used. The model could be 
anything from a complete physical description of the system 
to a simple function. In one example, such a simple function 
could convert data on the instantaneous angular Velocity of 
the pump rotor 3a to a predicted signal profile, using empiri 
cal or theoretical data. Such data on the instantaneous angular 
velocity might be obtained from the pump sensor 26 in FIG. 
4. 
0106. In another embodiment, simulations are used to 
generate reference profiles for different operational states of 
the system. These reference profiles may then be stored in a 
reference library, which may be accessed and used in the 
same way as described above for the second and third 
embodiments. It is also to be understood that reference pro 
files (and/or corresponding energy and phase angle data) 
obtained by simulations may be stored together with refer 
ence profiles (and/or corresponding energy and phase angle 
data) obtained by reference measurement. 

Removal of First Pulses 

0107 There are several different ways of removing one or 
more first pulses from the measurement signal, using the 
predicted signal profile. Here, two different removal pro 
cesses will be described: Single Subtraction and Adaptive 
Filtering. Of course, the description of removal processes and 
their implementations is not comprehensive (neither of the 
different alternatives nor of the implementations), which is 
obvious to a person skilled in the art. 
0108 Depending on implementation, the predicted signal 
profile may be input to the removal process as is, or the 
predicted signal profile may be duplicated to construct an 
input signal of Suitable length for the removal process. 

Single Subtraction 
0109. In this removal process, a single predicted signal 
profile is Subtracted from the measurement signal. The pre 
dicted signal profile may be shifted and Scaled in time and 
scaled in amplitude in any way, e.g. to minimize the error of 
the removal. Different minimization criterions may be used 
for Such an auto-scaling, e.g., minimizing the sum of the 
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squared errors, or the sum of the absolute errors. Alternatively 
or additionally, the predicted signal profile is shifted in time 
based on timing information that indicates the expected tim 
ing of the first pulse(s) in the measurement signal. The timing 
information may be obtained in the same way as described 
above in relation to the averaging of pressure segments in the 
reference signal. 
0110. One potential limitation of this removal process is 
that the relationship between different frequencies in the pre 
dicted signal profile is always the same, since the process only 
shifts and scales the predicted signal profile. Thus, it is not 
possible to change the relationship between different har 
monic frequencies, neither is it possible to use only some of 
the frequency content in the predicted signal profile and to 
Suppress other frequencies. To overcome this limitation, 
adaptive filtering may be used since it uses a linear filter 
before Subtraction, e.g. as described in the following. 

Adaptive Filtering 

0111 FIG. 11 is a schematic overview of an adaptive filter 
30 and an adaptive filter structure which is designed to receive 
the predicted signal profile u(n) and a measurement signal 
d(n), and to output an error signal e(n) which forms the 
aforesaid monitoring signal in which the first pulses are 
removed. 
0112 Adaptive filters are well-known electronic filters 
(digital or analog) that self-adjust their transfer function 
according to an optimizing algorithm. Specifically, the adap 
tive filter 30 includes a variable filter 32, typically a finite 
impulse response (FIR) filter of length M with filter coeffi 
cients w(n). 
0113. Even if adaptive filters are known in the art, they are 
not readily applicable to cancel the first pulses in the mea 
Surement signal d(n). In the illustrated embodiment, this has 
been achieved by inputting the predicted signal profile u(n) to 
the variable filter 32, which processes the predicted signal 
profile u(n) to generate an estimated measurement signal 
d(n), and to an adaptive update algorithm34, which calculates 
the filter coefficients of the variable filter 32 based on the 
predicted signal profile u(n) and the error signal e(n). The 
error signal e(n) is given by the difference between the mea 
Surement signal d(n) and the estimated measurement signal 
d(n). 
0114 Basically, the adaptive filtering also involves a sub 
traction of the predicted signal profile u(n) from the measure 
ment signal d(n), since each of the filter coefficients operates 
to shift and possibly re-scale the amplitude of the predicted 
signal profile u(n). The estimated measurement signal d(n), 
which is Subtracted from the measurement signal d(n) to 
generate the error signal e(n), is thus formed as a linear 
combination of M shifted predicted signal profiles u(n), i.e. a 
linear filtering of u(n). 
0115 The adaptive update algorithm 34 may be imple 
mented in many different ways, some of which will be 
described below. The disclosure is in no way limited to these 
examples, and the skilled person should have no difficulty of 
finding further alternatives based on the following descrip 
tion. 
0116. There are two main approaches to adaptive filtering: 
stochastic and deterministic. The difference lies in the mini 
mization of the error signal e(n) by the update algorithm 34. 
where different minimization criteria are obtained whether 
e(n) is assumed to be stochastic or deterministic. A stochastic 
approach typically uses a cost function J with an expectation 
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in the minimization criterion, while a deterministic approach 
typically uses a mean. The squared error signal e(n) is typi 
cally used in a cost function when minimizinge(n), since this 
results in one global minimum. In some situations, the abso 
lute error le(n) may be used in the minimization, as well as 
different forms of constrained minimizations. Of course, any 
form of the error signal may be used, however convergence 
towards a global minimum is not always guaranteed and the 
minimization may not always be solvable. 
0117. In a stochastic description of the signal, the cost 
function may typically be according to, 

0118 and in a deterministic description of the signal the 
cost function may typically be according to, 

0119 The first pulses will be removed from the measure 
ment signal d(n) when the error signal e(n) (cost function 
J(n)) is minimized. Thus, the error signal e(n) will be cleaned 
from first pulses while retaining the second pulses, once the 
adaptive filter 30 has converged and reached the minimum 
eO. 

0120 In order to obtain the optimal filter coefficients w(n) 
for the variable filter 32, the cost function J needs to be 
minimized with respect to the filter coefficients w(n). This 
may be achieved with the cost function gradient vector VJ, 
which is the derivative of J with respect to the different filter 
coefficients wo, w, ..., w . Steepest Descent is a recursive 
method (not an adaptive filter) for obtaining the optimal filter 
coefficients that minimize the cost function J. The recursive 
method is started by giving the filter coefficients an initial 
value, which is often set to zero, i.e., w(0)=0. The filter 
coefficients is then updated according to, 

where w is given by, 

0121 Furthermore, the gradient vector VJ points in the 
direction in which the cost is growing the fastest. Thus, the 
filter coefficients are corrected in the direction opposite to the 
gradient, where the length of the correction is influenced 
through the step size parameter L. There is always a risk for 
the Steepest Descent algorithm to diverge, since the algorithm 
contains a feedback. This sets boundaries on the step size 
parameter Lin order to ensure convergence. It may be shown 
that the stability criterion for the Steepest Descent algorithm 
is given by, 
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0.122 where w is the largest eigenvalue of R, the corre 
lation matrix of the predicted signal profile u(n), given by 

r(O) r(1) ... r(M - 1) 
a try. T r(1) r(O) r(M-2) 

R = Eu(n)ii' (n) = 

r(M - 1) r(M-2) ... r(O) 

(0123 where u(n) is given by, 
u(n)-u(n)u(n-1) ... u(n-M+1)"Mx1. 

0.124. If the mean squared error (MSE) cost function (de 
fined by J-E{le(n)|^) is used, it may be shown that the filter 
coefficients are updated according to, 

0.125 where e(n) is given by, 
e(n)=d(n)-u(n)w(n). 

0.126 The Steepest Descent algorithm is a recursive algo 
rithm for calculation of the optimal filter coefficients when 
the statistics of the signals are known. However, this infor 
mation is often unknown. The Least Mean Squares (LMS) 
algorithm is a method that is based on the same principles as 
the Steepest Descent algorithm, but where the statistics is 
estimated continuously. Thus, the LMS algorithm is an adap 
tive filter, since the algorithm can adapt to changes in the 
signal statistics (due to continuous statistic estimations), 
although the gradient may become noisy. Because of the 
noise in the gradient, the LMS algorithm is unlikely to reach 
the minimum error J, which the Steepest Descent algo 
rithm does. Instantaneous estimates of the expectation are 
used in the LMS algorithm, i.e., the expectation is removed. 
Thus, for the LMS algorithm, the update equation of the filter 
coefficients becomes 

I0127. The convergence criterion of the LMS algorithm is 
the same as for the Steepest Descent algorithm. In the LMS 
algorithm, the step size is proportional to the predicted signal 
profile u(n), i.e., the gradient noise is amplified when the 
predicted signal profile is strong. One solution to this problem 
is to normalize the update of the filter coefficients with 

I0128. The new update equation of the filter coefficients is 
called the Normalized LMS, and is given by 

I0129 where 0<<2, and a is a positive protection con 
Stant. 

0.130. There are many more different alternatives to the 
LMS algorithm, where the step size is modified. One of them 
is to use a variable adaptation step, 
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0131 where C.(n) for example may be, 

a(n) = in + c 

0132 where c is a positive constant. It is also possible to 
choose independent adaptation steps for each filter coefficient 
in the LMS algorithm, e.g., according to, 

0.133 where A is given by, 

a 0 O ... O 
O a2 O ... O 

A = 0 O C3 ... O 

0 0 O C 

0134. If instead the following cost function 
J(n)=Ele(n)} 

0135) is used, then the update equation becomes 

0136. This adaptive filter is called the Sign LMS, which is 
used in applications with extremely high requirements on low 
computational complexity. 
0137 Another adaptive filter is the Leaky LMS, which 
uses a constrained minimization with the following cost func 
tion 

0138. This constraint has the same effect as if white noise 
with variance C. was added to the predicted signal profile u(n). 
As a result, the uncertainty in the input signal u(n) is 
increased, which tends to hold the filter coefficients back. The 
Leaky LMS is preferably used when R, the correlation matrix 
of u(n), has one or more eigenvalues equal to Zero. However, 
in Systems without noise, the Leaky LMS makes performance 
poorer. The update equation of the filter coefficients for the 
Leaky LMS is given by, 

0139 Instead of minimizing the MSE cost function as 
above, the Recursive Least Squares (RLS) adaptive filter 
algorithm minimizes the following cost function 

0140 where w is called forgetting factor, 0<ws 1, and the 
method is called Exponentially Weighted Least Squares. It 
may be shown that the update equations of the filter coeffi 
cients for the RLS algorithm are, after the following initial 
ization 
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0141 where I is the identity matrix MXM, given 
according to 

* 14 A-intop, no 

0.142 where 8 is a small positive constant for high signal 
to-noise ratio (SNR), and a large positive constant for low 
SNR, 830.01 O., and S(n) corresponds to e(n) in the pre 
ceding algorithms. During the initialization phase the follow 
ing cost function 

0.143 is minimized instead, due to the use of the initial 
ization P(0)=ö' I. The RLS algorithm converges in approxi 
mately 2M iterations, which is considerably faster than for the 
LMS algorithm. Another advantage is that the convergence of 
the RLS algorithm is independent of the eigenvalues of R, 
which is not the case for the LMS algorithm. 
0144. Several RLS algorithms running in parallel may be 
used with different and 8, which may be combined in order 
to improve performance, i.e., v.1 may also be used in the 
algorithm (steady state solution) with many different 6:S. 
0145. It should be noted that both the LMS algorithm and 
the RLS algorithm can be implemented in fixed-point arith 
metic, such that they can be run on a processor that has no 
floating point unit, such as a low-cost embedded micropro 
cessor or microcontroller. 
0146 To illustrate the effectiveness of the removal process 
using an adaptive filter, the top graph in FIG. 12(a) illustrates 
the error signal e(n) output by the adaptive filter structure in 
FIG. 11, using an RLS algorithm as adaptive update algo 
rithm 32, operating on a measurement signal from the venous 
sensor 4a in FIG.4, at a flow rate of 430 ml/min. The adaptive 
filter structure is provided with a predicted signal profile 
obtained in a reference measurement at the same flow rate. 
The RLS algorithm, designed with M=15, converges after 
about 2M, which equals 3 seconds with the current sampling 
frequency of 10 Hz. The top graph thus shows the measure 
ment signal after elimination of the first pulses. The bottom 
graph in FIG. 12(a) is included for reference, and shows the 
measurement signal from the venous sensor 4a while the 
blood pump 3 is stopped. Clearly, the adaptive filtering is 
operable to provide, after a convergence period, a monitoring 
signal that properly represents the second pulses. 
0147 FIG. 12(b) corresponds to FIG. 12(a), but is 
obtained for a measurement signal from the arterial sensor 4b 
in FIG. 4. 
0148 Irrespective of implementation, the performance of 
the adaptive filter 30 (FIG. 11) may be further improved by 
switching the adaptive filter 30 to a static mode, in which the 
update algorithm 34 is disabled and thus the filter coefficients 
of the filter 32 (FIG. 11) are locked to a current set of values. 
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The switching of the adaptive filter 30 may be controlled by 
an external process that analyses the second pulses in the error 
signal e(n), typically in relation to first pulse data. The first 
pulse data may be obtained from the measurement signal, a 
reference signal (see above), a dedicated pulse sensor, a con 
trol unit for the first pulse generator, etc. The adaptive filter 30 
may be switched into the static mode if the external process 
reveals that the rate of second pulses starts to approach the 
rate of the first pulses and/or that the amplitude of the second 
pulses is very weak (in relation to an absolute limit, or in 
relation to a limit given by the amplitude of the first pulses). 
The adaptive filter may remain in static mode for a predeter 
mined time period, or until released by the process. 
014.9 The invention has mainly been described above with 
reference to a few embodiments. However, as readily appre 
ciated by a person skilled in the art, other embodiments than 
the ones disclosed above are equally possible with the scope 
and spirit of the invention, which is defined and limited only 
by the appended patent claims. 
0150. For example, the measurement and reference sig 
nals may originate from any conceivable type of pressure 
sensor, e.g. operating by resistive, capacitive, inductive, mag 
netic or optical sensing, and using one or more diaphragms, 
bellows, Bourdon tubes, piezo-electrical components, semi 
conductor components, Strain gauges, resonant wires, accel 
erometers, etc. 
0151. Although FIG. 1 indicates that the pressure sensor 
4a-4c is connected to the first sub-system S1, it may instead 
be connected to measure the fluid pressure in the second 
sub-system S2. Further, the fluid containing system need not 
be partitioned into first and second sub-systems S1, S2 con 
nected via a fluid connection C, but could instead be a unitary 
fluid containing system associated with a first pulse generator 
and a second pulse generator, wherein the each pressure sen 
sor is arranged in the fluid containing system to detect a first 
pulse originating from the first pulse generator and a second 
pulse originating from the second pulse generator. 
0152. Further, the inventive technique is applicable for 
monitoring in all types of extracorporeal blood flow circuits 
in which blood is taken from the systemic blood circuit of the 
patient to have a process applied to it before it is returned to 
the patient. Such blood flow circuits include circuits for 
hemodialysis, hemofiltration, hemodiafiltration, plasmapher 
esis, apheresis, extracorporeal membrane oxygenation, 
assisted blood circulation, and extracorporeal liver Support/ 
dialysis. The inventive technique is likewise applicable for 
monitoring in other types of extracorporeal blood flow cir 
cuits, such as circuits for blood transfusion, infusion, as well 
as heart-lung-machines. 
0153. The inventive technique is also applicable to fluid 
systems containing other liquids than blood. 
0154 Further, the inventive technique is applicable to 
remove pressure pulses originating from any type of pumping 
device, not only rotary peristaltic pumps as disclosed above, 
but also other types of positive displacement pumps, such as 
linear peristaltic pumps, diaphragm pumps, as well as cen 
trifugal pumps. In fact, the inventive technique is applicable 
for removing pressure pulses that originate from any type of 
pulse generator, be it mechanic or human. 
0155 Likewise, the inventive technique is applicable to 
isolate pressure pulses originating from any type of pulse 
generator, be it human or mechanic. 
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0156 The inventive technique need not operate on real 
time data, but could be used for processing off-line data, Such 
as a previously recorded measurement signal. 

1. A method for processing a time-dependent measurement 
signal obtained from a pressure sensor in a fluid containing 
system associated with a first pulse generator and a second 
pulse generator, wherein the pressure sensor is arranged in the 
fluid containing system to detect a first pulse originating from 
the first pulse generator and a second pulse originating from 
the second pulse generator, said method comprising: 

receiving the time-dependent measurement signal, 
obtaining a first pulse profile which is a predicted temporal 

signal profile of the first pulse, and 
filtering the time-dependent measurement signal in the 

time-domain, using the first pulse profile, to essentially 
eliminate the first pulse while retaining the second pulse. 

2. The method of claim 1, wherein the step of filtering 
comprises Subtracting the first pulse profile from the time 
dependent measurement signal. 

3. The method of claim 2, wherein the step of subtracting 
comprises adjusting a phase of the first pulse profile in rela 
tion to the measurement signal, wherein said phase is indi 
cated by phase information obtained from a phase sensor 
coupled to the first pulse generator, or from a control unit for 
the first pulse generator. 

4. The method of claim 1, wherein the first pulse profile is 
obtained in a reference measurement in said fluid containing 
system, wherein the reference measurement comprises the 
steps of operating the first pulse generator to generate at least 
one first pulse, and obtaining the first pulse profile from a 
reference signal generated by a reference pressure sensor in 
the fluid containing system. 

5. The method of claim 4, wherein the first pulse generator 
is operated to generate a sequence of first pulses during the 
reference measurement, and wherein the first pulse profile is 
obtained by identifying and averaging a set of first pulse 
segments in the reference signal. 

6. The method of claim 4, wherein the reference measure 
ment is effected intermittently during operation of the fluid 
containing system to provide an updated first pulse profile. 

7. The method of claim 4, wherein the pressure sensor is 
used as said reference pressure sensor. 

8. The method of claim 1, wherein the step of obtaining 
comprises obtaining a predetermined signal profile. 

9. The method of claim 8, wherein the step of obtaining 
further comprises modifying the predetermined signal profile 
according to a mathematical model based on a current value 
of one or more system parameters of the fluid containing 
system. 

10. The method of claim 4, wherein the fluid containing 
system is operated, during the reference measurement, Such 
that the reference signal contains a first pulse and no second 
pulse. 

11. The method of claim 4, wherein the reference measure 
ment comprises: obtaining a combined pulse profile based on 
a first reference signal containing a first pulse and a second 
pulse; obtaining a second pulse profile based on a second 
reference signal containing a second pulse and no first pulse, 
and obtaining the predicted signal profile by Subtracting the 
second pulse profile from the combined pulse profile. 

12. The method of claim 1, further comprising the step of 
obtaining a current value of one or more system parameters of 
the fluid containing system, wherein the first pulse profile is 
obtained as a function of the current value. 
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13. The method of claim 12, wherein said step of obtaining 
the first pulse profile comprises: identifying, based on the 
current value, one or more reference profiles in a reference 
database; and obtaining the first pulse profile based on said 
one or more reference profiles. 

14. The method of claim 13, wherein said one or more 
system parameters is indicative of the rate of first pulses in the 
fluid containing system. 

15. The method of claim 14, wherein the first pulse gen 
erator comprises a pumping device and the system parameter 
is indicative of a pump frequency of the pumping device. 

16. The method of claim 13, wherein each reference profile 
in the reference database is obtained by a reference measure 
ment in the fluid containing system for a respective value of 
said one or more system parameters. 

17. The method of claim 12, wherein said step of obtaining 
the first pulse profile comprises: identifying, based on the 
current value, one or more combinations of energy and phase 
angle data in a reference database; and obtaining the first 
pulse profile based on said one or more combinations of 
energy and phase angle data. 

18. The method of claim 17, wherein the first pulse profile 
is obtained by combining a set of sinusoids of different fre 
quencies, wherein the amplitude and phase angle of each 
sinusoid is given by said one or more combinations of energy 
and phase angle data. 

19. The method of claim 12, wherein said step of obtaining 
the first pulse profile comprises: inputting the current value 
into an algorithm which calculates the response of the pres 
Sure sensor based on a mathematical model of the fluid con 
taining System. 

20. The method of claim 1, wherein the step of filtering 
comprises Subtracting the first pulse profile from the mea 
Surement signal, and wherein the step of Subtracting is pre 
ceded by an adjustment step, in which at least one of the 
amplitude, the time scale, and the phase of the first pulse 
profile is adjusted with respect to the measurement signal. 

21. The method of claim 20, wherein the adjustment step 
comprises minimizing a difference between the first pulse 
profile and the measurement signal. 

22. The method of claim 1, wherein the step of filtering 
comprises: Supplying the first pulse profile as input to an 
adaptive filter, calculating an error signal between the mea 
Surement signal and an output signal of the adaptive filter, and 
providing the error signal as input to the adaptive filter, 
whereby the adaptive filter is arranged to essentially eliminate 
the first pulse in the error signal. 

23. The method of claim 22, wherein the adaptive filter 
comprises a finite impulse response filter with filter coeffi 
cients that operate on the first pulse profile to generate the 
output signal, and an adaptive algorithm which optimizes the 
filter coefficients as a function of the error signal and the first 
pulse profile. 

24. The method of claim 22, further comprising the step of 
controlling the adaptive filter to lock the filter coefficients, 
based on a comparison of the rate, the amplitude, or the rate 
and amplitude of the second pulses to a limit value. 

25. The method of claim 1, wherein the fluid containing 
system comprises an extracorporeal blood flow circuit for 
connection to a blood system in a human body, and wherein 
the first pulse generator comprises a pumping device in the 
extracorporeal blood flow circuit, and wherein the second 
pulse generator comprises a physiological pulse generator in 
the human body. 
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26. The method of claim 25, wherein the second pulse 
generator is at least one of a heart, a breathing system, and a 
vasomotor affected by an autonomic nervous system. 

27. The method of claim 25, wherein the extracorporeal 
blood flow circuit comprises an arterial access device, a blood 
processing device, and a venous access device, wherein the 
human blood system comprises a blood vessel access, 
wherein the arterial access device is configured to be con 
nected to the human blood system, wherein the venous access 
device is configured to be connected to the blood vessel 
access to form a fluid connection, and wherein the first pulse 
generator comprises a pumping device arranged in the extra 
corporeal blood flow circuit to pump blood from the arterial 
access device through the blood processing device to the 
venous access device, said method further comprising the 
step of receiving the measurement signal either from a venous 
pressure sensor located downstream of the pumping device, 
or from an arterial pressure sensor located upstream of the 
pumping device. 

28. A computer program product comprising instructions 
for causing a computer to perform the method of claim 1. 

29. A device for processing a time-dependent measurement 
signal obtained from a pressure sensor in a fluid containing 
system associated with a first pulse generator and a second 
pulse generator, wherein the pressure sensor is arranged in the 
fluid containing system to detect a first pulse originating from 
the first pulse generator and a second pulse originating from 
the second pulse generator, said device comprising: 

an input for the measurement signal, 
a signal processor connected to said input and comprising 

a processing module configured to obtain a first pulse 
profile which is a predicted temporal signal profile of the 
first pulse, and to filter the measurement signal in a 
time-domain, using the first pulse profile, to essentially 
eliminate the first pulse while retaining the second pulse. 

30. A device for processing a time-dependent measurement 
signal obtained from a pressure sensor in a fluid containing 
system associated with a first pulse generator and a second 
pulse generator, wherein the pressure sensor is arranged in the 
fluid containing system to detect a first pulse originating from 
the first pulse generator and a second pulse originating from 
the second pulse generator, said device comprising: 
means for receiving the measurement signal, 
means for obtaining a first pulse profile which is a predicted 

temporal signal profile of the first pulse, and 
means for filtering the time-dependent measurement signal 

in a time-domain, using the first pulse profile, to essen 
tially eliminate the first pulse while retaining the second 
pulse. 

31. A method for processing a time-dependent measure 
ment signal obtained from a pressure sensor in a fluid con 
taining system associated with a first pulse generator and a 
second pulse generator, wherein the pressure sensor is 
arranged in the fluid containing system to detect a first pulse 
originating from the first pulse generator and a second pulse 
originating from the second pulse generator, said method 
comprising: 

receiving the measurement signal, 
obtaining a standard signal profile of the first pulse, and 
Subtracting the standard signal profile from the time-de 

pendent measurement signal in a time-domain, wherein 
the standard signal profile has such an amplitude and 
phase that the first pulse is essentially eliminated and the 
second pulse is retained. 
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32. A device for processing a time-dependent measurement signal profile of the first pulse, and to Subtract the stan 
signal obtained from a pressure sensor in a fluid containing dard signal profile from the time-dependent measure 
system associated with a first pulse generator and a second ment signal in a time-domain, wherein the standard sig 
pulse generator, wherein the pressure sensor is arranged in the 
fluid containing system to detect a first pulse originating from 
the first pulse generator and a second pulse originating from 
the second pulse generator, said device comprising: retained. 

an input for the measurement signal, 
a signal processor connected to said input and comprising 

a processing module configured to obtain a standard 

nal profile has such an amplitude and phase that the first 
pulse is essentially eliminated and the second pulse is 


